Abstract We present a revised ground-motion prediction equation (GMPE) for computing medians and standard deviations of peak ground acceleration (PGA) and 5% damped pseudospectral acceleration (PSA) response ordinates of the horizontal component of randomly oriented ground motions to be used for seismic-hazard analyses and engineering applications. This GMPE is derived from the expanded Next Generation Attenuation (NGA)-West 1 database (see Data and Resources; Chiou et al., 2008) . The revised model includes an anelastic attenuation term as a function of quality factor (Q 0 ) to capture regional differences in far-source (beyond 150 km) attenuation, and a new frequency-dependent sedimentary-basin scaling term as a function of depth to the 1:5 km=s shear-wave velocity isosurface to improve ground-motion predictions at sites located on deep sedimentary basins. The new Graizer-Kalkan 2015 (GK15) model, developed to be simple, is applicable for the western United States and other similar shallow crustal continental regions in active tectonic environments for earthquakes with moment magnitudes (M) 5.0-8.0, distances 0-250 km, average shear-wave velocities in the upper 30 m (V S30 ) 200-1300 m=s, and spectral periods (T) 0.01-5 s. Our aleatory variability model captures interevent (between-event) variability, which decreases with magnitude and increases with distance. The mixed-effect residuals analysis reveals that the GK15 has no trend with respect to the independent predictor parameters. Compared to our 2007-2009 GMPE, the PGA values are very similar, whereas spectral ordinates predicted are larger at T < 0:2 s and they are smaller at longer periods.
Introduction
In earthquake-prone regions, design of new or evaluation of existing structures relies on prediction of ground shaking. The level of ground shaking is frequently defined using ground-motion prediction equations (GMPEs) that are a function of earthquake magnitude, style of faulting, site-tosource distance, and site parameters. GMPEs are often, in empirical form, guided by earthquake physics and/or simulations, and their estimator coefficients are typically computed by single or multistage regression on ground-motion amplitudes recorded from previous earthquakes.
An initial GMPE for peak ground acceleration (PGA) and 5% damped pseudospectral acceleration (PSA) response ordinates of the horizontal component of randomly oriented ground motions was developed by Kalkan (2007, 2009) The new Graizer-Kalkan GMPE (GK15) is composed of two predictive equations. The first equation predicts PGA (Graizer and Kalkan, 2007) , and the second equation constructs the spectral shape (Graizer and Kalkan, 2009 ). The term spectral shape refers to the PSA response spectrum normalized by PGA. The PSA response spectrum is obtained by anchoring the spectral shape to the PGA. In this model, the PSA response spectrum is a continuous function of the spectral period (T). Typically GMPEs (e.g., NGA-West 2 models of Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia, 2014; Chio and Youngs, 2014 ) use a discrete functional form for predicting the PSA response ordinates. The concept of a continuous function assumes cross correlation of spectral ordinates at different periods (Baker, 2011) , and de facto eliminates the difference between period intervals by making period intervals infinitesimally short. As a consequence, a long list of estimator coefficients for a range of spectral periods is eliminated, and spectral ordinates are estimated smoothly.
Our predictive equations for PGA and spectral shape constitute a series of functions guided by empirical data and simulations. Each function represents a physical phenomenon affecting the ground-motion attenuation. We refer to these functions as filters. Although the filter concept (i.e., linear system theory) is strictly valid for Fourier spectrum, we adapted a similar approach for modeling ground-motion prediction, which has been shown to be accurate (expected median prediction without significant bias with respect to the independent predictor parameters) and efficient (relatively small epistemic variability) (Graizer and Kalkan, 2009 , 2011 Graizer et al., 2013) .
This article presents a summary of our recent improvements on GK15, and provides a complete description of the basis for its functional form. The recent NGA-West2 project and new data (e.g., Baltay and Boatwright, 2015) indicate a need to include regionalization when accounting for differences in far-source (beyond 150 km) distance attenuation of ground motions and soil response. Motivated by this need, the updates include a new anelastic attenuation term as a function of quality factor to capture regional differences in far-source attenuation, and a new frequency-dependent sedimentary-basin scaling term as a function of depth to the 1:5 km=s shear-wave velocity isosurface to improve ground-motion predictions for sites on deep sedimentary basins. We believe that these changes represent major improvements to our previous GMPE Kalkan, 2007, 2009) , and therefore justify the additional complexity in GK15. The analysis of mixed-effect residuals reveals that the revised GMPE is unbiased with respect to its independent predictor parameters.
In the following, we first describe the selection of data used in this update. We then present the changes made, followed by evaluations of the updated model and comparisons to the observations and recent NGA-West2 models. Finally, we offer some guidance on model applicability. The list of abbreviations and symbols used throughout this article is given in Table 1 . Additional technical information on GK15 GMPE can be found in Graizer and Kalkan (2015) .
Intensity Measures
The ground-motion intensity measures (IMs) comprising the dependent variables of the GMPE include horizontalcomponent PGA and 5% damped PSA. These IMs were computed from the randomly oriented geometric mean of the two horizontal components of ground motions. We do not include predictive equations for peak ground velocity or displacement yet.
Selection of Ground-Motion Data
A total of 2583 ground-motion recordings from 47 shallow crustal continental earthquakes with focal depths less than 20 km were selected. This dataset includes events gathered from the Pacific Earthquake Engineering Research Center database created under the NGA-West1 project (see Data and Resources; Chiou et al., 2008) and data from a number of additional events and stations. Specifically, data from the following earthquakes were included: 1994 M 6.7 Northridge, 1999 M 7.1 Hector Mine, 2003 M 4.9 Big Bear City, 2003 M 6.5 San Simeon, 2004 M 6.0 Parkfield, 2005 M 5.2 Anza and M 4.9 Yucaipa, 1976 , 1988 M 6.8 Spitak (Armenia), 1991 M 6.2 Racha (Georgia), 1999 M 7.4 Kocaeli, and M 7.2 Düzce (Turkey), and other Turkish earthquake data. Table 2 lists all the events in the dataset with relevant information on their moment magnitude, focal depth, epicenter coordinates, faulting mechanism, and breakdown of record numbers from each event. This dataset is restricted to free-field motions and inland earthquakes (except for one earthquake from the Gulf of California). A total of 47 earthquakes were selected, and can be summarized as follows: 32 earthquakes from California; six earthquakes from Turkey; four earthquakes from Taiwan and Italy; three earthquakes from Armenia, Georgia, and Uzbekistan; and two earthquakes from Alaska and Nevada. Thus, ∼70% of the earthquakes used in our dataset are from California. Among 2583 ground-motion recordings, 1450 are from reverse-fault events, 1120 are from strike-slip fault events, and 13 are from normal-fault events. The distributions of data with respect to M and V S30 against the closest distance to fault rupture plane (R) are shown in Figure 1 . The current dataset includes data recorded within 0.2-250 km of the earthquake faults from events in the 4.9-7.9 magnitude range. The data used in the analysis represent mainshocks only.
Approximately half of the stations in our dataset have measured V S30 values, and the rest are inferred using surface geology (e.g., Wills et al., 2000) . The V S30 values range These events were also used in the development of the GK07-09 model Kalkan, 2007, 2009) . Data sources are provided in Graizer and Kalkan (2015) . between 200 and 1316 m=s. In Figure 1b , ground-motion data are sorted according to the National Earthquake Hazard Reduction Program (NEHRP) site categories-the range of V S30 values in meters per second in NEHRP site categories are S B (rock): 762 < V S30 < 1524, S C (very dense soil and soft rock): 366 < V S30 < 762, and S D (stiff soil): 183 < V S30 < 366. In Figure 2 , the values of depth to 1:5 km=s shear-wave velocity isosurface (B depth ) are plotted against R; B depth is available for only 353 recordings in our dataset. The distribution of PGA values with respect to M and R are plotted in Figure 3 ; except for a handful of recordings, the values of PGA are less than about 0:8g.
It should be noted that the NGA-West2 database (see Data and Resources) was not used because it was not available to us at the time of this research.
Updated GMPE
In the following, we first introduce the final functional forms of the updated Graizer-Kalkan GMPE for PGA and spectral shape, and then explain their updates in detail.
GMPE for Peak Ground Acceleration
The updated ground-motion prediction model for PGA has 12 estimator coefficients, and six independent predictor parameters: M, moment magnitude; R, closest distance to fault rupture plane in kilometers (R, R rup as in Campbell and Bozorgnia, 2008) ; V S30 , average shear-wave velocity in the upper 30 m of the geological profile in m=s; F, style of faulting, Q 0 , regional quality factor; and B depth = basin depth under the site in kilometers.
The updates include the following: (1) a new anelastic attenuation term as a function of quality factor, (2) a new frequency-dependent basin-scaling term as a function of depth to the 1:5 km=s shear-wave velocity isosurface (Z 1:5 ), and (3) updated estimator coefficients.
The form of the prediction equation for PGA has a series of functions in a multiplication form: Magnitude and style of faulting scaling
Site correction × G 5
Basin effect ;
1 in which G 1 is a scaling function for magnitude and style of faulting, G 2 models the ground-motion distance attenuation (path scaling), G 3 adjusts the distance attenuation rate considering regional anelastic attenuation, G 4 models the site amplification owing to shallow site conditions, and G 5 is a basin scaling function. Equation (1) can be expressed in natural logarithmic space as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 2 ; 5 5 ; 2 6 6 lnPGA lnG 1 lnG 2 lnG 3 lnG 4 lnG 5 σ lnPGA ; 2 in which σ lnPGA is the total variability. The functional forms for G 1 , G 2 , G 3 , G 4 , and G 5 are given in equations (3) through (7).
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3 in which F denotes the style of faulting (F 1:0 for strike slip and normal faulting, F 1:28 for reverse faulting, and F 1:14 for combination of strike slip and reverse faulting), and c 1…3 are the estimator coefficients.
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4a with E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 4 b ; 3 1 3 ; 3 6 5 R 0 c 4 × M c 5 ; 4b E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 4 c ; 3 1 3 ; 3 3 4 D 0 c 6 × cosc 7 × M c 8 c 9 ; 4c and c 4…:9 are estimator coefficients. In equation (2), lnG 3 , lnG 4 , and lnG 5 are E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 5 ; 3 1 3 ; 2 7 7 lnG 3 −c 10 × R=Q 0 ; 5 E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 6 ; 3 1 3 ; 2 3 1
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in which c 10 , b v , and V A are the estimator coefficients, and Q 0 is the regional quality factor. A Bdepth and A Bdist are given in equations (7b) and (7c), respectively.
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 7 b ; 5 5 ; 9 4
A Bdepth c 11 × 1= f1 − c 12 =B depth 0:1 2 g 2 4 × c Table 3 .
GMPE for Spectral Acceleration
Similar to our previous model, the 5% damped PSA response ordinates are obtained by anchoring the spectral shape to PGA. The updated spectral shape model in GK15 has 15 coefficients and six independent predictor parameters. The independent parameters are M, R, V S30 , F, Q 0 , and B depth . Updates on the spectral shape model include the following: (1) a modified decay term for long periods as a function of basin depth, (2) a revised term for controlling the predominant period of the response spectrum, and (3) updated coefficients.
The form of prediction equation for PSA is E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 8 ; 3 1 3 ; 7 2 1 PSA PGA × spectral shape:
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The spectral shape (PSA norm ) is formulated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 9 a ; 3 1 3 ; 6 7 6
in which T is the spectral period, and D sp is the estimator coefficient. As illustrated in Figure 4 , I defines the peak spectral intensity, μ and T sp;0 define the predominant period of the spectrum, S defines the spectral wideness (area under the spectral shape), and ζ controls the decay of the spectrum at long periods depending upon basin depth (B depth ). These functions are E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 9 b ; 3 1 3 ; 4 9 9 μ m 1 × R m 2 × M m 3 × V S30 m 4 ; 9b E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 9 c ; 3 1 3 ; 4 5 3 I a 1 × M a 2 × expa 3 × R; 9c E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 9 d ; 3 1 3 ; 4 1 8 S s
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 9 e ; 3 1 3 ; 3 8 0 T sp;0 max 0:3
; 9e
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 9 f ; 3 1 3 ; 3 2 8 ζ 1:763 − 0:25 × arctan 1:4 × B depth − 1; 9f in which m 1…:4 , a 1…:3 ; t 1…:4 , and s 1…:3 are the estimator coefficients, and the values of which are presented in Table 3 . The estimator coefficients in Table 3 were obtained by performing regression in a number of steps, starting with a more limited dataset for constraining parameters of filter functions and proceeding to the full range similar to contolled by "S"
controlled by "I" controlled by " " Figure 4 . Generic spectral shape (PSA norm ) model, and its controlling parameters: I defines the peak spectral intensity, μ and T sp;0 define the predominant period of the spectrum, S defines the wideness-area under the spectral shape-and ζ controls the decay of the spectrum at long periods depending upon basin depth. The color version of this figure is available only in the electronic edition. Abrahamson et al. (2014) . However, the difference between our approach and Abrahamson et al. is that we did not apply smoothing on estimator coefficients because our spectralshape prediction model is a continuous function of independent parameters.
Functions of the GK15 GMPE
The relationships between physical aspects of each filter function in equation (2) The following scaling function models the groundmotion scaling owing to the magnitude and style of faulting:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 0 ; 5 5 ; 5 6 3 G 1 c 1 × arctanM c 2 c 3 × F; 10 in which c 1 , c 2 , and c 3 are the estimator coefficients, and F is the style of faulting scaling term. This scaling function, empirically derived based on observations, reflects the saturation of ground-motion amplitudes with increasing magnitudes (Douglas and Jousset, 2011) . According to Sadigh et al. (1997) , reverse-fault events create ground motions approximately 28% higher than those from crustal strike-slip faults. Following this, we used F 1:0 for strike-slip and normal faults, F 1:28 for reverse faults, and F 1:14 for combination of strike-slip and reverse faults. The G 1 and its estimation coefficients are the same as in Graizer and Kalkan (2007) .
One feature of our GMPE is the use of the frequencyresponse function in a damped single-degree-of-freedom oscillator for modeling the distance attenuation of ground motion. This modeling approach is explained in detail in Graizer and Kalkan (2007) . Following this approach, the G 2 models the ground-motion distance attenuation as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 1 ; 5 5 ; 2 8 2 G 2 1=
in which R 0 is the corner distance in the near source of an earthquake defining the plateau where the ground motion does not attenuate noticeably. In other words, R 0 defines the flat region on the attenuation curve. R 0 is directly proportional to earthquake magnitude-the larger the magnitude, the wider the plateau. The ground-motion observations show that R 0 varies from 4 km for magnitude 5 to 10 km for magnitude 7.9 (Graizer and Kalkan, 2007) . It has been observed that the largest PGA values from a given earthquake may not be recorded at the closest distance but rather at some distance from the fault, as can be seen from the records of the 1979 M 6.5 Imperial Valley earthquake, the 2004 M 6.0 Parkfield earthquake, and most recently the 2014 M 6.0 South Napa earthquake (Fig. 5) . The bump phenomenon (also called oversaturation) was recently demonstrated through modeling geometrical spreading and relative amplitudes of ground motions in eastern North America. The bump was attributed to radiation pattern effects combined with wave propagation through a 1D layered earth model (Chapman and Godbee, 2012; Baumann and Dalguer, 2014) . In the case of earthquakes, this bump can be a result of one or many factors, including the aforementioned radiation pattern, directivity, and nonlinear behavior of the soil in the near source of an earthquake fault (e.g., low-velocity faultzone-guided waves, Li and Vidale, 1996) , and measuring distance as that closest to the rupture plane and not from the seismogenic (most energetic) part of the fault rupture. In equation (11), D 0 shows the damping term that designates the amplitude of the bump; D 0 0:7 results in no bump.
The original G 3 function in the Graizer and Kalkan (2007) GMPE for PGA was a simple scaling term for far-source attenuation and basin effects. This term is now replaced with an anelastic attenuation term as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 2 ; 3 1 3 ; 4 7 5 G 3 exp−c 10 × R=Q 0 ; 12 in which Q 0 is the regional quality factor for propagation of seismic waves from source to site at 1 Hz, and c 10 is the estimator coefficient. The value for Q 0 is, on average, 150 for California and 640-1000 for central and northeast United States (Singh and Herrmann, 1983; Mitchell and Hwang, 1987; Erickson et al., 2004) . Figure 6a demonstrates the effects of G 3 on the PGA; the PGA data are from the 1999 M 7.6 Chi-Chi earthquake. The earlier version of the G 3 in Graizer and Kalkan (2007;  hereafter referred as GK07), results in a constant attenuation rate (R −1:5 ) at far-source distances (shown by dashed line). GK15 with G 3 in equation (12) are shown using Q 0 75, 150, and 300, respectively, in which a lower crustal Q 0 results in faster attenuation, and a higher Q 0 yields slower attenuation at farsource distances. Zhang and Papagergiou (2010) estimated coda as Q 0 134 for Taiwan.
Q associated with strong motion is different from seismological measurements because the typical seismological Lg and coda wave estimates of Q sample different volumes of the crust surrounding the station and different paths than typical propagation paths of strong-motion signals (Trifunac, 1994) . Trifunac demonstrated that the strong-motion Q increases from very low values near the fault (Q 20 associated with the upper part of the soil profile with relatively low shear-wave velocity) to larger values at about 100-200 km away from the source associated with typical crustal attenuation. For the 2004 M 6.0 Parkfield earthquake, frequencyindependent Q increased from 20 in the upper 300 m of the soil profile to higher values of 100-200 for depth range of 200-5000 m (Abercrombie, 2000) .
Although Q may be distance dependent, Q 0 in equation (12) is a constant. In Figure 6b , we made a simple assumption that Q increases with distance from a relatively low value of 10 in the vicinity of the fault to higher values of typical Lg-type crustal Q at far-source distances (R > 100 km). Figure 6c compares the effects of constant Q 0 150 with that of the distance-dependent Q. As expected, low Q 0 in the near-source region produces slightly lower ground-motion intensity. However, this decrease does not exceed 3% at distances up to 50 km; higher Q 0 at far distances results in slower attenuation relative to the constant Q 0 . The effect of distance-dependent Q relative to the constant (distance-independent) Q 0 is not significant. Considering other uncertainties, we concluded that it is reasonable to use a constant Q 0 typical for a given region (usually that for Lg or coda waves).
In our updated GMPE for PGA, we assume a frequencyindependent Q 0 . In equation (12), c 10 0:345, based on the average value of Q 0 150 for California produces similar effects to our previous GMPE for distances of up to 200 km (shown in Fig. 6a ). The fact that Q 0 values determined using Lg or coda waves can be changed to suit the region of interest is an improvement over other GMPEs. Predictions of four NGA-West2 models and the GK15 model against the strong-motion data of the 2014 M 6.0 South Napa earthquake demonstrate that the GK15 model with lower Q 0 50 (motivated partially by the range suggested by Ford et al., 2008) fits data better for this specific earthquake (Baltay and Boatwright, 2015) .
Based on published studies (a list of references is given in Graizer and Kalkan, 2007) , a linear site-correction filter was adopted in GK07 because of the large variability in nonlinear site-correction models:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 3 ; 3 1 3 ; 1 2 5 G 4 expb v × lnV S30 =V A : 13 Equation (13) is an equivalent form of the linear sitecorrection formula of Boore et al. (1997) , in which b v −0:371, whereas our estimates yield b v −0:24. Equation (13), with its parameters given in Table 3 , is similar to the equation of Field (2000) in exhibiting less amplification as V S30 decreases than that of Boore et al. (1997) . In our updated GMPE for PGA, there is no change in G 4 from its original version in Graizer and Kalkan (2007) .
A basin consists of alluvial deposits and sedimentary rocks that are geologically younger and have a significantly lower shear-wave velocity structure than the underlying rocks, which creates a strong interface, and can trap and amplify earthquake-induced body and surface waves (Hanks, 1975; Lee et al., 1995; Campbell, 1997; Frankel et al., 2001) . Our new basin scaling function considers combined effects of amplification in both shear and surface waves owing to basin depth under the site according to Hruby and Beresnev (2003) and Day et al. (2008) . For simplicity, other parameters, such as the basin shape and distance to the basin edge (Joyner, 2000; Semblat et al., 2002; Choi et al., 2005) , are not accounted for, and only the basin depth is used as a predictor parameter in our GMPE.
The mechanisms and results of shear and surface-wave amplifications in the basin are different. The basin amplification of S waves affects mostly frequencies less than ∼10 Hz (Hruby and Beresnev, 2003) , and basin amplification of surface waves affects a range of spectral frequencies from PGA to long spectral periods. During the 1992 M 7. Mayor-Cucapah earthquakes, the PGA values observed in Los Angeles and San Bernardino basins were much higher than those measured at rock sites owing to amplified surface waves (Graizer et al., 2002; Graves and Aagaard, 2011; Hatayama and Kalkan, 2012) . In our previous GMPE (Graizer and Kalkan, 2009 ), the spectral shape decayed at long periods with a slope of T −1:5 , averaging basin, and nonbasin effects. We change this by implementing the following basin scaling filter, which is a function of depth to the 1:5 km=s shear-wave velocity isosurface Z 1:5 B depth , R, and T: E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 4 ; 5 5 ; 3 7 7 G 5 1 A Bdist × A Bdepth :
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A Bdepth defines the amplitude of the basin effect depending upon B depth . The parameters of A Bdist and A Bdepth were constrained by regression according to the 1999 M 7.1 Hector Mine, 1992 M 7.3 Landers, and 1989 M 6.9 Loma Prieta earthquakes using only ground-motion data with known B depth values.
As shown in Figure 7a , A Bdepth varies from 0 for a nonbasin site to 1.077 for a site in a deep basin, and it saturates for basins deeper than 3 km. When B depth 0, A Bdepth becomes negligibly small, and thus G 5 1:0 does not have any effect on ground-motion prediction. Our approach on modeling the basin effect is based on the 3D simulations of Day et al. (2008) who found that depth to the 1:5 km=s S-wave velocity isosurface is an appropriate parameter for use in GMPEs. Similar basin amplification was observed for the 1994 M 6.7 Northridge and 1987 M 6.0 Whittier Narrows earthquakes by Hruby and Beresnev (2003) , and for the 2010 M 7.2 El-Mayor-Cucapah earthquake by Hatayama and Kalkan (2012) . Our dependence of period amplification on Z 1:5 approximates the period dependence in table 3 of Hruby and Beresnev (2003) .
The parameter controlling the decay rate of the spectrum at long periods (ζ in equation 9f) varies over the range of 1.4-2. As shown in Figure 7b , the spectral shape decays at long periods faster (T −2 ) for nonbasin sites and slower (T −1:4 ) for deep basin sites. Figure 8 compares the PSAs for two different basin depths, B depth 1:5 and 3 km against the case without basin (B depth 0). The predictions in Figure 8 are shown with the same V S30 430 m=s-average of the stations. The deeper basin produces a response spectrum with higher amplitudes at all periods with slower decay at long periods; it affects the long periods more than the short sponse computed using updated Graizer-Kalkan GMPE (GK15) for three cases: nonbasin, basin with 1.5 km depth, and basin with 3 km depth. Background data are from the 1999 M 7.1 Hector Mine earthquake at about 80 km closest fault distance to the fault-rupture plane (R). Depth to basin (B depth ) varies from 1 to 3 km for this dataset. The predictions are shown with the same V S30 430 m=s-average of the stations. The deeper basin produces a response spectrum with higher amplitudes at all periods with slower decay at long periods; it affects the long periods more than the short periods. The color version of this figure is available only in the electronic edition.
periods. Based on a 3D modeling of ground motion, a possible explanation for the distance-dependent pattern is suggested by Olsen (2000) . According to Olsen, the amplification factors are greater for events located farther from the basin edge. He suggested that the larger-amplitude surface waves generated for the distant events, in part at basin edges, are more prone to the amplification than are the predominant body waves impinging onto the basin sediments from nearby earthquakes.
Mixed-Effect Residuals Analysis
We performed a mixed-effect residuals analysis to confirm that GK15 is not biased with respect to M, R, V S30 , style of faulting (F), and B depth by examining trends of residuals against these independent predictor parameters. The residuals at each spectral period are computed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 5 ; 5 5 ; 1 5 6 Res ij ln Y ij − μ ij M; R; V S30 ; B depth ; 15 in which i is the event and j is the recording index, Res ij is the residual of the jth recording of the ith event, and Y ij is the IM (PGA or 5% damped PSA ordinates) from the jth recording of the ith event; μ ij represents the GK15 median estimate in natural logarithmic units. To check for overall bias, we used the maximum-likelihood method to recursively determine the mean of data points having the error structure of Joyner and Boore (1993) , where the residuals correspond to E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 6 ; 3 1 3 ; 3 2 0 Res ij C η i ε ij ; 16 in which C is a constant term (maximum-likelihood mean) from the mixed-effects analysis, which is a measure of the overall bias between the observations and the GMPE. The constant term (C) should be close to zero for unbiased estimates. In equation (16), η i represents the event term (between-event residual) for event i, and ε ij represents the intraevent (within-event) residual for recording j in event i. Event term η i represents the approximate mean offset of the data for event i from the predictions provided by the median of the GMPE. Event terms (η i ) are used to evaluate the GMPE's performance relative to source predictor variables. Both event and intraevent terms are assumed to be random Gaussian variables with zero mean. Their standard deviations are indicated by τ and φ, respectively.
For each spectral period, equation (16) is solved using the maximum-likelihood formalism given in the appendix of Spudich et al. (1999) . In Figure 9a , maximum-likelihood mean values are plotted for each spectral period ranging from PGA to 5.0 s. As shown, the overall bias of GK15 is small. Some discrepancies are plausible because a continuous, smooth function of spectral period was forced to fit to all PSA data instead of a discrete data fitting at certain periods as other GMPE developers have done.
To separate interevent (between-event) disparities from intraevent (within-event) variations, we performed a mixedeffects analysis with respect to independent parameters, M, R, V S30 , and B depth , and we fit an intercept a and slope b to residuals according to the following formulation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 7 ; 5 5 ; 1 2 8 Res ij a bx i η i ε ij ;
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in which x i is the independent predictor parameter. Both slope and intercept computed using equation (17) are plotted against period to check for systematic bias with respect to the independent parameters. Figure 9b ,c shows distance and magnitude bias in the residuals; again both intercept and slope are near zero for all periods, indicating negligible distance dependence and no systematic magnitude bias in the residuals of GK15. We also demonstrate the same observations against the predictor parameters V S30 and B depth , shown in Graizer and Kalkan (2015) .
Intraevent (Within-Event) Residuals Analysis of Path, Site, and Basin Depth Effects
The intraevent residuals (ε ij ) are used to test the GK15 with respect to distance and site effects. In Figure 10 , the residuals are shown in natural logarithmic units for PGA and spectral periods at 0.2 and 1.0 s, similar to Chiou and Youngs (2013) ; similar results for 3 s are provided in Graizer and Kalkan (2015) . We plot the intraevent residuals against R (0-150 km) using the full dataset with means and standard errors shown within bins. The bin sizes were adjusted so that each bin has approximately the same number of data points.
The maximum-likelihood line is dashed, and its slope and intercept are provided on top of each plot. Although data is slightly underpredicted at 1.0 s for distances greater than 110 km, the results generally show no perceptible trend within the body of a predictor, indicating that the path-scaling functions in GK15 reasonably represent the data trends.
In similar plots given in Graizer and Kalkan (2015) for V S30 and B depth , the flatness of the trends indicates that our linear site response function (applicable for V S30 > 200 m=s) is a reasonable average for shallow crustal continental regions, and there is little dependence on B depth between 1200 and 1400 m=s at 0.2 and 3.0 s-this is attributed to the scarcity of the data within this range.
Analysis of Source Effects Using Interevent (Between-Event) Residuals
Figures 11 and 12 show event terms (η i ) plotted against magnitude in the range 4:9 ≤ M ≤ 7:9 and style of faulting parameter (F) considering PGA and PSA at 0.2 and 1.0 s using 35 events-the list of these events is given in table 3 of Graizer and Kalkan (2015) . The majority of the events, especially at small magnitudes, are from California. The events with fewer than five recordings were excluded; this reduced the number of events from 47 to 35. Our magnitudescaling function (G 1 ) captures the trends from various events as evident by near-zero intercept and near-zero slope for magnitude, and near-zero slope for style of faulting of the maximum-likelihood fit, indicating that there is no significant trend with either parameters or a notable offset from zero.
Terms of Standard Deviation
In GMPEs, the total residual is composed of the intraevent residual and the interevent residual. The standard deviation of total residuals (σ), that is, total aleatory variability is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 8 ; 5 5 ; 1 1 7 σ τ 2 ϕ 2 q ;
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in which τ is the standard deviation of the interevent residuals, and ϕ of the intraevent residuals. Figure 13 plots τ, ϕ, and σ in natural logarithmic units (their values are tabulated in Table 4 ). The variability is larger at long periods. σ increases with period similar to the NGA-West 2 GMPEs (e.g., Abrahamson et al., 2014; Boore et al., 2014; Chiou and Youngs, 2014) . σ is almost constant for short periods (from 0.01 to 0.3 s).
Recall that our GMPE for spectral shape is a continuous function of spectral period. To be consistent with this continuous form, we model the total aleatory variability (σ) using the method of least squares as a continuous function of spectral period (T):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 9 ; 3 1 3 ; 1 1 3 σT max 0:668 0:0047 × logT 0:8 0:13 × logT : in each plot dashed line indicates a maximum-likelihood fit to all event terms; its slope and intercept are provided on top of each plot. Note that a and b are intercept and slope of maximum-likelihood fit, respectively. The color version of this figure is available only in the electronic edition. Figure 14 compares the parameterized σ of equation (19) with the observed σ given in Table 4 , showing an excellent match at all periods. The variance analysis is conducted to examine the magnitude, distance, and V S30 dependence of interevent standard deviations (τ) and intraevent standard deviations (ϕ); for brevity, the results of this analysis are provided in Graizer and Kalkan (2015) .
Model Results
The median PSA response spectra for GK15 is shown in Figure 15 for a vertical strike-slip earthquake scenario with M 5:0, 6.0, 7.0, and 8.0, at distances R 1 and 30 km, and V S30 760 and 270 m=s, similar to comparisons given in Abrahamson et al. (2013) . Note that an increase in magnitude shifts the predominant period of spectrum to larger values (see fig. 3 of Graizer and Kalkan, 2009 ). The predominant period in our spectral shape model is controlled by μ and T sp;0 shown in Figure 4 , and both of which are magnitude dependent.
The path scaling, shown in Figure 16 for PGA and spectral periods at 0.2, 1.0, and 3.0 s, gives the median ground motion from strike-slip earthquakes on a soft-rock site condition (V S30 760 m=s) for four different magnitudes, Table 4 Interevent (τ), Intraevent (ϕ), and Total Standard (σ) Deviations in Natural Logarithmic Units M 5:0, 6.0, 7.0, and 8.0. At intermediate distance ranges (5-20 km from the fault), GK15 produces higher acceleration values than those at the closer distances, which appear as the bump on the attenuation curves (as discussed earlier in the G 2 (Distance Attenuation) section).
The magnitude scaling of the current model is shown in Figure 17 for vertical strike-slip earthquakes on soft-rock site conditions (V S30 760 m=s) for PGA, T 0:2, 1.0, and 3.0 s at distances of R 1, 30, and 150 km. The break in the magnitude scaling at M 5.5 is driven by consistency in response spectra of recorded data. The weak scaling of the short-period motion at short distances reflects the saturation with magnitude. Further detailed model results considering other independent parameters (e.g., V S30 , Q 0 , and B depth ) can be found in Graizer and Kalkan (2015) .
In Figures 18 and 19 , PSA predictions of GK15 are compared with those computed from near-field (0-20 km) and far-field (45-65 km) records of select major earthquakes from California, Turkey, and Taiwan. The ground-motion records either correspond to NEHRP site category C or D. For each earthquake, the number of records satisfying the distance and soil condition selection criteria is listed on each panel where the average spectra of records are shown by jagged thick curves, and they are compared with the GMPE predictions shown by smooth thick curves. Individual spectra of records shown by jagged thin curves demonstrate the aleatoric variability. The predictions from the GK15 are for the average V S30 of each individual dataset. As shown, the 16th and 84th percentile predictions (shown by dashed curves) bound the majority of the PSA data. For all events, the GK15 clearly results in PSA predictions closer to the average of the observations; the predicted and observed trends of the peak (period and amplitude) of the response spectra with magnitude and distance match. The width of the predicted response spectra is also comparable to the observations.
Comparisons with Select NGA-West2 Models
We compare GK15 with two NGA-West2 models of Abrahamson et al. (2014) (hereafter referred to as ASK14) and Boore et al. (2014) (hereafter referred to as BSSA14). We do not include other NGA-West2 models Chiou and Youngs, 2014) for simplicity and because they themselves compare well with BSSA14 and ASK14 (Gregor et al., 2014) . Figure 20 compares the median attenuation of PGA and PSA at 0.2 and 1.0 s for a vertically dipping strike-slip earthquake as a function of R at V S30 760 m=s. Our predictions are in good agreement with the predictions of the two NGA-West2 models for the given range of magnitudes and distances. For PGA and PSA at 0.2 s, GK15 produces similar or slightly lower ground motions as compared with BSSA14 and ASK14 at close distances (0-5 km). At intermediate distances (5-20 km), GK15 produces higher values because of the bump.
The response spectra from magnitude 6.0, 7.0, and 8.0 earthquakes at R 1 and 30 km from a vertically dipping strike-slip fault and V S30 760 m=s are shown in Figure 21 . There is similarity among the three models for these cases. The observed difference between the models increases for the M 8 case, especially at the long spectral periods, because magnitudescaling functions and data used to constrain them vary from one GMPE to another; it is also related to lack of observations at this magnitude range. Further comparisons with BSSA14 and ASK14 models as well as comparisons with the GK07-09 model can be found in Graizer and Kalkan (2015) . closest distances to fault rupture plane from 0 to 250 km, at sites having V S30 in the range from 200 to 1300 m=s, and for spectral periods (T) of 0.01-5 s. Neither hanging-wall effects nor directivity effects are explicitly modeled, but the average directivity effect is included through the variability of the data.
Range of Applicability

Summary and Discussion
In this article, the Graizer-Kalkan GMPE for PGA and 5% damped PSA response ordinates is revised to account for differences in ground-motion scaling in terms of regional farsource distance attenuation and basin effects. The new GMPE is controlled by six input predictor parameters, including moment magnitude, closest distance to the fault rupture, style of faulting, shear-wave velocity in the upper 30 m of site geological formation, regional quality factor (Q 0 ), and basin depth (defined as the depth to 1:5 km=s shear-wave velocity isosurface).
The revised Graizer-Kalkan GMPE (GK15) offers a much simpler functional form than the recent NGA-West2 models (e.g., ASK14; BSSA14; Campbell and Bozorgnia, 2014 [CB14] ; Chiou and Youngs, 2014 [CY14] ), and it has comparable standard deviations. The GK15 models PSA as a continuous function of spectral period, whereas the NGAWest2 models use a discrete functional form to compute PSA response ordinates at certain periods only (a total of 21 periods for ASK14, CB14, and CY14, and 107 periods for BSSA14 from 0.01 to 10 s). The advantages of continuous function are that period-by-period regression analyses are eliminated, the number of estimator coefficients is minimized, and a smooth spectrum is obtained directly from the regression analysis. Because this approach is simple and provides more control, it is easier to model and constrain parameters affecting the spectral shape. The GK15's use of the quality factor (determined using Lg or coda waves) that can be changed to suit the region of interest is an improvement over other GMPEs. Comparisons of GK15 with ASK14 and BSSA14 demonstrate that GK15 produces similar or slightly smaller ground motions at very close distances to the fault (up to about 5 km) and at distances of more than 20 km from the fault for earthquakes with a magnitude larger than 6.0. At intermediate distances (5-20 km from the fault), GK15 produces higher estimates of ground motion than either ASK14 or BSSA14 does. Compared with the GK07-09 model Kalkan, 2007, 2009) , GK15 yields very similar PGA values whereas spectral ordinates predicted are larger at T < 0:2 s, and they are smaller at longer periods. This adjustment was done based on reevaluation of the ground-motion data from California earthquakes such as Landers, Northridge, and Hector Mine. The aleatory variability of GK15 is larger than that obtained in our previous model.
In conclusion, the GK15 GMPE is a significant improvement over our previous model (GK07-09), and provides a demonstrable, reliable description of ground-motion amplitudes recorded from shallow crustal earthquakes in active tectonic regions over a wide range of magnitudes, distances, and site conditions.
Data and Resources
The Graizer-Kalkan (GK15) ground-motion prediction equation (GMPE) is available in MATLAB (http://www. mathworks.com/products/matlab/, last accessed March 2016), FORTRAN, and Excel at http://earthquake.usgs.gov/research/ software/ (last accessed July 2015). Also provided in this link is an example MATLAB routine to generate a site-specific response spectrum for given hazard conditions. Readers may find further details about GK15 in the U.S. Geological Survey (USGS) open-file report available at http://pubs.usgs.gov/of/ 2015/1009/ (last accessed July 2015). The 2014 M 6.0 South Napa earthquake ground-motion data used here are available at http://earthquake.usgs.gov/earthquakes/shakemap/nc/shake/ 72282711/#download (last accessed July 2015). V S30 values at each station are taken from the Next Generation of Attenuation (NGA)-West2 database (http://peer.berkeley.edu/ ngawest2/databases/, last accessed July 2015) or the grid.xml file also available with the ShakeMap download link provided previously. marie Baltay, and two anonymous reviewers have reviewed the material presented here, and offered valuable comments and suggestions, which helped improving technical quality and presentation of our work. We also thank Paul Spudich for his assistance with mixed-effects residuals analysis, and Annemarie Baltay for providing computer codes to plot Next Generation Attenuation (NGA)-West2 GMPEs. 
